The aim of the study was to evaluate the effect of nitrogen (N) and sulphur (S) fertilizer on grain yield of spring wheat and its technological quality. A field experiment (2009-2011) was conducted in south-eastern Poland on Cambisols. The experiment included 2 factors: N fertilization (0, 40, 80, 120 kg/ha) and S fertilization (0, 50 kg/ha). The experiment showed that spring wheat cv. Tybalt exhibited a positive reaction of N and S fertilization on grain yield, which was the highest at the application of 80 kg N/ha (5.40 t/ha), increasing by 1.30 t/ha (13.1%) with respect to the control. S fertilization increased grain yield by 3.58%. S application increased significantly the content of gluten by 3.2%, cysteine by 6.0% and methionine by 16.5%. The most beneficial effect on the content of N, S, total protein, gluten, cysteine and methionine was observed for N application a rate of 80 kg/ha and for S at a rate of 50 kg/ha. Positive correlation was found between the content of S in grain and grain yield (r = 0.73). Significant correlations were found also between grain yield and all other quality characteristics except for N and starch content.
A noticeable problem in agriculture in European countries is the worsening sulphur (S) deficiency caused by an extreme tightening of environmental standards at the end of the last century. In Poland in 2010 as many as 94% of profiles tested were classified as low in S (< 16.5 mg SO 4 2-/kg, Klikocka et al. 2015) . This situation raises the concern that the NPK fertilizer generally applied will not be balanced, and the S deficiency may reduce utilization of the remaining components, primarily nitrogen (N).
N and S are both important constituents of protein, and adequate supplies of both nutrients are important for optimum crop yield Cybulska 2014, Dostálová et al. 2015) . S and N nutrition interact at many levels, as the uptake and assimilation of NO 3 and SO 4 2-have much in common, and there are many common products of N and S metabolism (Pilbeam 2015) . S-deficient plants accumulate arginine and asparagine in particular, but have lower levels of the S-containing amino acids cysteine and methionine (Hesse et al. 2004 ). Accumulation of asparagine in wheat grains under S deficiency increases the risk of formation of acrylamide when flour products are cooked (Halford et al. 2012) . Some of the interaction between N and S metabolism comes from o-acetylserine, the immediate precursor of cysteine that does not itself contain S. For assimilation of sulphate to occur, plants must contain adequate levels of this precursor, and as an amino acid its concentration is dependent on N nutrition (Hesse et al. 2004) . Sulphur is an important component of protein in wheat, being a constituent of SH-containing amino acids that enhance the quality of protein for baking (Zhao et al. 1999) . Interchain disulphide bonds formed by the S-rich subunits of the gliadins and glutenins that comprise gluten influence the elasticity of dough by stabilizing the polymer network formed by gluten molecules (Shewry et al. 2002) . If the S supply is low relative to the N supply, content of S-poor proteins such as ω-gliadins increases while that of S-rich proteins such as γ-gliadins and low-molecular-weight subunits of glutenin decreases (Tea et al. 2007) . The aim of the study was to evaluate the effect of N and S fertilizer on grain yield of spring wheat and its chemical and technological quality.
MATERIAL AND METHODS
A field experiment was carried out in [2009] [2010] [2011] in Malice, in south-eastern Poland (50°42'N, 23°15'E), in a randomized split-plot design (with four replications) on Cambisols (WRB 2007) consisting of light silty sand (sand 68%, silt 31%, clay 1%). The soil was slightly acidic (pH = 5.6), with high available phosphorus (P) content, medium content of potassium (K) and magnesium (Mg), and low S content (Table 1) .
The precipitation and air temperature during the growing season (March-August) in 2009-2011 are presented in Table 2 . On the basis of meteorological data Selyaninov's hydrothermal coefficient was calculated. The 2009 growing season was classified as rather dry, bordering on optimal (1.3), while the 2010 and 2011 seasons were optimal, bordering on rather wet (1.6).
The subject of the experiment was the cv. Tybalt of spring wheat (Triticum aestivum L.) fertilized with different levels of N and S, which gave 8 combinations: 0N-0S; 40N-0S; 80N-0S; 120N-0S; 0N-50S; 40N-50S; 80N-50S and 120N-50S. Schema for rates of N and S and time of application presented Table 3 . The area of each plot was 30 m 2 (5 m × 6 m). Before sowing, P (as 17.4% granular triple superphosphate at 39.6 kg P/ha) and K (as 49.8% potassium salt at 83 kg K/ha) fertilizers were applied. N fertilizer was applied in the form of 34% ammonium nitrate (NH 4 NO 3 Vol. 62, 2016, No. 5: 230-236 Grain yield (at 11% moisture content) was calculated after the harvest (92 BBCH) from each plot. In dry matter (DM) of grain the content of total N and total S (g/kg DM) was determined with a LECO CNS-2000 analyser (Leco Corp., USA). Content of S was determined by infrared spectrometry (DIN ISO 15178, 2001 ) and N in a differential thermal conductivity detector (DIN ISO 13878, 1998) . Content of S-containing protein amino acids (cysteine and methionine) was determined by the HPLC method in an INGOS AAA 400 amino acid analyser (LECO Corp., USA). Gluten and starch content in the grain were determined by nearinfrared spectroscopy with a Perten Instruments Inframatic 9200 grain analyser (LECO Corp., USA). Total protein content in the grain was calculated as 5.7 × N content (Zhao et al. 1999 ).
Analysis of variance was performed by the Snedecor's F-test. Significance of differences was calculated using the Tukey's test (P = 0.05) followed by post-hoc analysis. The statistical software Excel 7.0 (Microsoft Office 2007 PL) and Statistica (StatSoft Polska'97) were used for the analysis.
RESULTS AND DISCUSSION
Analysis of the results showed a significant beneficial effect of N and S fertilizer on the grain yield of spring wheat and on most of the quality characteristics of the grain. For grain yield and studied characteristics no interaction was found between increasing application rates of N and S. However, the addition of sulphur to each dose of nitrogen, independently increased yield and a number of other features. This type of yield-increasing factor, in this case fertilizer, signals the additive effect of S. This type of reaction is manifested in conditions in which the deficiency of the nutrient is small, which is consistent with the law of diminishing returns, also known as Mitscherlich's law (Grzebisz 2009 ). In general the additive interaction of the nutrients is manifested when there is a constant increase in weight (or yield) as a result of application of the second factor.
Grain yield was the highest following the application of 80 kg N/ha (5.40 t/ha), increasing by 1.30 t/ha (13.1%) with respect to the control, as well as in the case of 120 kg N/ha, although this was not a statistically significant increase. The 1000-grain weight increased proportionally as the N application rate increased. The content of N and S in the spring wheat grain significantly increased in direct proportion to the increase in 
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doi: 10.17221/18/2016-PSE the N application rate and was the highest following the application of 120 kg N/ha (N -28.59 and S -1.39 g/kg DM). As the N application rate increased, the N:S ratio was similar in the case of the control and 80 kg N/ha and 120 kg N/ha, but at 40 kg N/ha it increased from an average of 20.71 to 21.72 (Table 4) . Gluten content increased in direct proportion as the N application rate increased, and was highest following the application of 120 kg N/ha (34.15%). A similar response was noted for the content of total protein, with the greatest increases observed following the application of 80 kg N/ha and 120 kg N/ha (15.83% and 16.28%). Cysteine content in the grain increased significantly following the application of N at a rate of 80 kg/ha, and cysteine content following the application at the rate of 40 kg/ha, and they continued to increase proportionally up to the highest rate of N application. N fertilization did not affect starch content in grain (Table 5 ).
The literature devotes much attention to the issue of N fertilization of quality wheat and its effect on grain yield and technological value (Pilbeam 2015) . Much less emphasis is placed on fertilization with other mineral nutrients, including S (Zhao et al. 1999) . Grain S concentrations lower than 1.2 mg/g and grain N:S ratio higher than 17:1 appear to be critical values for S deficiency with regard to yield (Randall et al. 1981) .
Fertilization with S improved the grain yieldincreasing effect of NPK by 3.58%. In the case of 1000-grain weight, no effect was noted (Table 4) . In a study by Podleśna (2013) , S fertilization of winter wheat at a rate of 60 kg S/ha led to an increase in grain yield of 11%, while wheat plants with limited of S-SO 4 in the soil showed a reduction in 1000-grain weight.
The content of N and S in the grain following application of sulphur at a rate of 50 kg/ha increased by 1.3% and 1.5% in comparison with Plant Soil Environ. Vol. 62, 2016, No. 5: 230-236 doi: 10.17221/18/2016-PSE the control, respectively. S fertilization did not significantly affect the N:S ratios calculated for the grain, but they were decreased by the application of S (Table 4) . The grain quality in the present Values with different letters in the column differ significantly (P < 0.05) between: a -N x S; A -0S -50S; A -0N- 40N-80-N-120N; A -2009-2010-2011 ; DM -dry matter 
Methionine 10 -------study was improved by the application of S in the fertilizer. Only starch and total protein content were not dependent on S application, although there was a positive response. Following application of S after NPK fertilizer the content of gluten increased significantly by 3.2%, cysteine by 6.0% and methionine by as much as 16.5% (Table 5 ). In a study by Podleśna et al. (2003) , S fertilization of winter wheat at a rate of 60 kg S/ha led to an increase in the content of protein (by 1%) and of gluten in the grain (by 2%). However, Randall et al. (1981) reported that an increase in applied S may increase, decrease or have no effect on protein content, depending on the grain S status and the N supply. Analysis of the effect of S with increasing application rates of N revealed that despite the lack of statistically confirmed interactions, the most favourable values for the qualitative grain characteristics studied were found in the case of the combination of N applied at 80 and 120 kg N/ha with S applied at 50 kg S/ha. It should also be noted that these increases following N application at 120 kg N/ha with respect to lower application rates were less favourable than in the case of 80 kg N/ha with respect to 40 kg N/ha. This phenomenon can be explained by the law of diminishing returns (Mitscherlich's law) (Grzebisz 2009 ).
The grain yield and grain quality characteristics were modified by the weather. In the case of grain yield and content of S, gluten, starch and methionine, the weather conditions in 2011 (rather wet) were the most favourable. In 2009 (rather dry) the meteorological conditions during the growing period of the spring wheat had a significant beneficial effect on 1000-grain weight, accumulation of N, total protein and cysteine. The relationships described were confirmed in a study by Woźniak and Staniszewski (2007) , which showed that lower values for the hydrothermal index (lower precipitation sum and higher air temperature sum) were conducive to higher content of protein and gluten in the wheat grain.
Significant positive correlations were found between the grain yield of spring wheat and all other quality characteristics of the grain, with the exception of starch content. The highest correlation coefficient was obtained between grain yield and content of gluten, S, total protein, cysteine and methionine. More significant positive correlations were found between the quality characteristics of the grain (Table 6 ).
According to Inal et al. (2003) , positive correlations between the S application rate and its content in the plant indicate only slight redistribution of this nutrient from the soil to the plant, as sulphates in the soil may be unavailable. In the present study a correlation was found between the content of S in the spring wheat grain and grain yield. From this it can be concluded that the S was not subject to the dilution effect and its content was at the optimal level up to the end of the vegetation of the plants.
Because Polish and European agriculture is transitioning to an integrated production system, if it is taken into account that mineral fertilization should be applied below the uptake level, the treatment of 80 kg N/ha with 50 kg S/ha should be recommended in practice. The proposed N application rate and the high degree of N availability in mineral form in the soil analysed (average 68.7 kg/ha), as well as the anticipated supply from the atmosphere, will meet the demand of spring wheat for nitrogen.
